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F O R  A E R O N A U T I C S  

ADVANCE EEPORT 

E X P E R I M E N T A L  T / E R I F I C A T I O F ?  O F  THE RUDDER- FREE 

S T A B 1  I J T Y  THI?,OR'Y F O R  AN A I  FiPLAf\TE 'MODEL 

EQUIPPED TTiITH RUDDERS WVI KG NBGATIVE 

F L O A T I N G  TEKDEHCY AND L % G L I G I B L E  F R I C T I O N  

By ParSon 0 .  KcKi-nney, Jr. and Bernard Xaggin 

A n  investigattpcn bas been made i n  t h e  Langley f r e e-  
flf  ght  tun.nel t o  obta in  an experimental  v e r i f i c a t i o n  
o f  the  t h e o r e t i  c a l  rudder- free s t a b i l i t y  c h a r a c t e r i s t f c s  
o f  an a i r p l m e  m d e l  equipped vrfth convent ional  rudders 
having negat ive  floating ten6enciss  and neg l fg ib le  
fr-fctfoii .  The model used I n  t h e  t e s t s  was equipped w i t h  
a conventional s i n g l e  v e r t i c a l  tsil. havlng rudder a rea  
!+O percent  o f  the v e r t l c a l  t a l l  a rea .  The model was 
t e s t e d  b o t h  i n  f r e e  flight and moirrited on a s t r u t  t h a t  
al-lowed fresdom only i n  y a ~ .  Measurements were made 
o f  the  rLdd3r-frze oscT.2lati.ons fol lowing a d is turbance  
in yawo Tasts  w3re made wItli three  dliffereiit  amounts 
o f  rudder  aerodynaml c balance and with various values  
o f  mass, moment o f  i n e r t i a ,  au;d. cen te r- of- gravf ty  
l o c a t i o n  of t he  rudder .  K o s t  o f  t h e  s t a b i l i t y  d e r i v a t i v e s  
reyufred f o r  t he  t h e o r s t i c a l  calcixls t ions were determined 
f ron ;  fo rce  and f r e s - o s c i l l a t l o n  t e s t s  o f  the  p a r t i c u l a r  
model t e s t e d .  

The t -heoret ical  ana lys i s  showed t h a t  tine rudder- 
f r e e  rnotfons o f  an air2l.ane c o n s f s t  l a r g e l y  o f  two 
o s c i l l a t o r y  modes - a long-period o s c i l l a t i o n  sonevhat 
s f m i l a r  t o  the n3rmal mdder- f ixed  o s c i l l a t i o n  and a 
short- period oscillation introduced- only when tha  
rudder i s  s e t  free. It; was found p o s s i b l e  i n  the 
t e s t s  t o  c r e z t e  l a t e r a l  i n s t a b i l i t y  of the  rudder- free 
shor t- per iod  mode by l a r g e  values  o f  rudder mass parameters 
even tliou.gh t h e  rudder- f ixed corlditfon was h i g h l y  s t a b l e .  

r. The r e s u l t s  of  the  t e s t s  and c a l c u l a t i o n s  indfca ted  
t h a t ,  for m o s t  present-day a f rp lanes  having rudders of  
negat ive  f l o a t i n g  tendency, the  rudder- free s t a b i l i t y  
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c h a r a c t e r i s t i c s  may be examined by simply considering 
the dynamic l a t e r a l  s t a b i l i t y  usfng the value o f  the 
di.rectional-si-~abf19 t y  parameter Cnp  for the rudder>-free 
sond.1- t i o n  in- the conventional  con t ro l s- f ixed  l a t e r a l -  
stt;abil’ity equatfons.  For  very  la rge  a i rp l anes  having 
r e l a t f v e l g  high values of‘ the rudd-er mass parameters 
a’i.th respec t  t o  t h e  rudder aerodynamic p r r ane t e r s  , 
hop eve^, ana lys i s  of the  yudder-free s t z b i l f t y  should 
be rx.re.de with thhe co rp l e t e  equations o f  mo-tion, Good 
agreement betwesn c a l c u l a t e d  and measured rudder- free 
st;abi17:Ly c h a r a c t e r i s t i c s  was obtained by use o f  the 
gznera l  rud3er- f ree  s t a b i l l  t y  t h e o r y ,  in which f o u r  
degrees of‘ l a t e r a l  free6:om a re  consfdered. 

IVhen ths  assiArfiptif>n i s  imde t h a t  the  rolling 
motions %.lone o r  the I s ; e r a l  and r o l l i n g  rroti.ons mag be 
ncgl ected in tk,e d a l c u l a t i o n s  of rudder- free  s t a b i l f t y ,  
i t  i s  p o z s f b l e  t o  p r e d i c t  s a t i s f a c k o r i l g  the charac te r-  
i s t i  cs af the  lons-aperfod (Datch r o l l  type)  rudder- free 
o s c i l l a t f o n  for 2’ rp lanes  o n l y  when the  e f f e c t i v e -d i h e d r a l  
angle 1s smallo YTth these simplifying assumptions, 
howeverS s a t i s f a c t o r y  p rcd i c t i on  o f  the  shor t- per iod 
oscillation inay be obta<ned f o r  any d ihcd ra l .  Further  
s fwp l i f f ca t i on  of  the  theory based on the  assumption 
that the rudder  moment o f  i n e r t i a  might be d is regarded 
w a s  f o i ~ n d  t o  be f ? i v n l i d  because this assumption made i t  
irfl2ossiSle t o  c a l c u l a t e  t h e  c h a r a c t e r i s t i c s  of the short- 
pei9. od o s cf 11 a t  L ons 

Some m i l i  t a r g  c i i r p l ~ n e s  have r e c e n t l y  encountered 
dynaridc i n s t a b i l i t y  i n  the  rudder-Tree coriditlion, 
Cer ta fn  o the r  a . i rplanes h;rve gerfqimed a rudder- free 
oscillatfon c a l l e d  “snakfngff i n  which the a i rp l ane  yaw 
and rmt-der r ro t io i is  ere s o  coupled as t o  maintain a yawing 
o s c l l l a t i o n  01’ co-nstant amplftlnde. These phsnornena have 
been t h e  sub jec t  af  various t h e o r e t i c a l  i nves t fga t ions ,  
and the f a c t o r s  a f f e c t i n g  the rudder- free s t ab i l l -by  have 
beer, explored and definad i n  t h e  theore’Lica1 analyses 
of  references  1 t o  3 .  

I n  re fe rence  1 t h e  rost c,oEiplete s e t  o f  t he  t n r e e  
s e t s  of equat ions  of the rudder - f rce  motion i s  developed. 
The equations of reference 1, however, a r e  vory involved 
and r e t h e r  unwfeldy, and u s e  o f  these equations t o  

L 
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de termfne t h e  rudder- free s t abi  1% t y c h a r a c t e r i s t i c s  1 s 
consequently 1aborl.ous. Such equat ions a re  u s u a l l y  
s i m p l i f i e d  by neg lec t ing  c e r t a f n  degrees o f  freedom o r  
c e r t a i n  parameters and thus obtaining approximate though 
s a t i s f a c t o r l l y  a2cu.rate s o l u t i o n s .  

I n  re ference  2 ,  t h e  equat ions were s impl f f i ed  by 
neg lec t ing  -the r o l l i n g  motions o f  the  a i rp lane .  I n  
re ference  3 9  vhicli supersedes re ference  2 f o r  t he  rudder- 
f r e e  theory,  fup the r  s i m p l i f i c a t i o n  was obtained by 
neglec t fng  sicewise motion as  we l l  as r o l l i n g  motion. 
An a d d i t i o n a l  s iRp l f fy icg  assumptfon of re ference  3 i s  
t h a t  the  radder moment o f  I n e r t i a  might be neglected.  
It  was real: zed t h a t  these sj.niplffied equat ions were’ 
not  appl icable  thiqoughout ths e n t i r e  r m g e  o f  t h e  
v a r i a b l e s  t h a t  could. be obtained,  b u t  the  r e s u l t s  were 
bel ieved t o  be g s n e r a l l y  app l i cab le  t o  a i r p l a n e s  o f  
t h a t  ne r ioc l .  

In  o r d e r  t o  ob ta in  an exper5mcnta.l check o f  ths 
genera l  2nd sirrlplffied PquatJ-ons an e x p e r i a z n t a l  program 
i s  being conductad i n  the  Langley f r e e - f l i g h t  tunnel .  The 
r e s u l t s  o f  the  f i r s t  p a r t  o f  this pi’ogrsx a re  reported 
he re in  and a r e  concernsd w i t h  ths rudder- free dynamic 
stabi1:ty o f  a - -scale ai r2lane model i n  g l i d i n g  f l i g h t  
equfpped mi t h  rudders having inse t- hfnge  balances and 
neg l fg ib le  friction. 

I 
7 

The rudder- free s t a b i l i t y  c h a r a c t e r i s t l c s  o f  the 
model were i n v e s t i g a t e d  f o r  v m y i n g  amounts o f  rudder 
aerod-ynamic and mass balance. The model was t e s t e d  b o t h  
I n  f r e e - f l i g h t  a:nd mounted on a s t r u t  tha t  allowed 
freedom only i n  yaw I n  order  t o  determine e x p e r f i e n t a l l y  
t h e  d i f f e r e n c e s  caused by neg lec t  o f  the  r o l l i n g  and 
l a t e r a l  motions o f  an a i rp lane  wfth rudder f r e e ,  

I n  ordey t h a t  t h e  r e s u l t s  obtained by theory  and 
experiment rrlght be c o r r e l a t e d ,  c a l c u l a t i o n s  were made 
of  t h e  t h e o r e t i c a l  rud-der-free s t ab i  If t y  o f  the  rnod.el 
t e s t e d  by equat ions invo lv ing  f o u r  degrees of freedom 
and by equat ions involving fewer degrees o f  freedom. 
I n  addftLon, the rudder- free s t a b i l i t y  o f  the  model was 
c a l c u l a t e d  by an approxinate method- tkzat neglected a l l  
o f  t h e  rudder p a r a m t e r s  except those causing a reduc- 
t i o n  i n  the  c i i r e c t I o n a l - s t a b ~ - l i t y  parameter 

the rudder- free condf t fon .  

for 
cn P 



Various f o r c e ,  hinge-moment, and f r e e - o s c i l l a t i o n  
t e s t s  were run i n  o rder  t o  deterLnine a s  many as pos s ib l e  
o f  the s tab1 l i  t y  d e r i v a t i v e s  requ i red  in ths ca l cu l a t fons  
o f  rudder- free  s t a b i l i t y .  

S 

V 

b 

C 

b, 

m 

kx 

kZ 

r 

xi? 

I! 
- 

1 

D 

S 

P 

T 

t 

wing a r c a ,  square f e e t  

f ree- s t resm a i r speed ,  f e e t  per second 

wing span, f e e t  

wfng chord, feel; 

span. o f  ~ i d d e r ,  f e e t  

mass o f  rudder,  s l ugs  

rpdiins o f  g p e t i o n  of model a b o u t  l ong i tud ina l  (X) 
ax f s ,  f e e t  

radius  o f  gyra t fon  of model about v e r t i c a l  ( 2 )  
axEs, f e e t  

rgdius of gyra t ion  of rudd9r about hinge ax!..s, f e e t  

dfs tance  from c e n t e r  o f  g r a v i t y  of rudder system 
t o  hinge axis; p o s f t i v e  when cer , ter  o f  g r a v i t y  
i s  back o f  hinge,  f e e t  

d l s t ance  froni node1 cen te r  o f  g r a v i t y  t o  rudder 
hfn&e l i n e ,  f e e t  

d i s t ance  t rave led  .in spans (Vt/b) 

nerfDd o f  o s c i l l a t i o n s ,  seconds 

tfne required  f3r motions t o  decrepse t o  one-hzlf 
aEplitu2e , seconds 

time, Feconds 
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A, R, C ,  3, E c o e f f i c i e n t s  of s t a b i l i t y  q u a r t i c  for 
rudder- fixed l a t e r a l  s t a b i l f t y  

13 C ,D P r; G:,31coefficlents o f  s t a b i l i t y  s e p t i c  
for rudder- free l a t e r a l  k l 9  1 i 1.9 2 x 9  1 
s t abi 15 t y  

for rzCdeF-free l a t e r a l  
s tab5 1% t y 

A 2 ~  923 92s D 2 9  E 2 9  F2 c o e f f t c f e n t s  o f  s t a b i l i t y  q u i n t i c  

A39 B3Y C3' "s' E3 c o e f f i c i e n t s  o f  s t a b f l i t y  q u a r t i c  f o r  
rudder- free l a t e r a l  s t a b i l i t y  

Ab? 3iip CL' 4 # 9  
c o e f f i c i e n t s  o f  stability cubic f o r  

rudder- free l a t e r a l  s t a . b i l i  t y  

m ~ t ,  o f  s t z 5 i I i t y  determicant  (h  = a' f ib9) 

fmaginary ~ o r t l  on o f  cam?lex r o o t  o f  s t a b i l i t y  
quartl .  c 

r e a l  root o r  real n o r t i o n  o f  a complex r o o t  of 
stzlbf li t y  q u a r t i c  

dynan.ic pressure  , pounds p e r  square f o o t  &_) 
mass d e n s i t y  Qf  air, s lug  p e r  cubic  f o o t  

mod-el re la t j .ve-dcnsf ty  f a c t o r  ( m / F S b )  

rudder r e  1 a t  f ve - d ens i t y  f ac t o r  (I?+/ p5yFy2) 

root-rPean-Fquwe chord ol" rudder ,  f e e t  

angle .- o f  a.ttack, rad ians  t;nl=ss otherv5se def ined  

angle of s i d e s l i p ,  ra2.ians un less  otherwise def ined  

angle o f  roll, radians ixnless otherwise deffned 

cn5le o f  p w ,  rad ians  u n l e s s  otherwise defined 

rwddcr .wigu.lar d e f l e c t i o n ,  rad ians  un less  other-  
wise dsffned 

f l i g h t - p s t h  a i g l e ,  r ad ians  un l s s s  otherwise def ined 
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P m l l i n g  engular  veloci  t ~ ,  r ad ims  pe r  second 

r y a d n g  mgular  v e l o c i t y ,  r ad i ans  pe r  second 

V l a t e r a l  conponent o f  vel,ocity, f e e t  per  second 

% drag c o e f f i c i e n t  PF-) 
(P'i t ch i  ng-mome n t' 

la pltcbing-moment z o e f f i c i e n t  qsc ) n 
i, 

CY 

rate of'. chsnge of  l a t z r a l - f o r c e  c o e f f f c i e n t  with 
angle o f  s z d e s i i p  ( d ~ ~ / & p )  

a n s l e  o f  s f d e s l i p  ! b C Z / b P )  
f l  r a t e  of changc o f  rollfng-aoment c o e f f i c i e n t  with 7, p 

r a t e  o f  change o f  rolling-moment c o e f f i c i e n t  wf th  
7"p 

c 
r o l l t n g  sngula r -ve locf ty  f a c t o r  kcz/a$ 

r a t e  of cbacge of ro l l ing-mment  c o e f f i c i e n t  with 

yawing angula r -ve locf ty  f c c t o r  
1, 

C 

r a t e  of change of  yawfng-moment coeff5.cient with 
angle of  s-ldeslfp (bCn/dp) cn p 



n r a t e  a f  change o f  yaving-moment c o e f f i c i e n t  with 
'% 

angle of  yaw (2 = -c, 

c r a t e  of change of yawing-qornent c o e f f i c i e n t  with 
. ( I  

Db "P 
r o i l i n g  engula i -ve loc i ty  f a c t o r  \ (dcn/b$ 

0 . .  . .  
1 .  

c . r a t e  of' change of  yawing-moment c o e f f i c i e n t  w i t h  
nr 

rb 

cn6 
Tat5 bf 'change of' yawicg-morcent c o e f f i c i e n t  w i t h  

rixcJ_der angula r  d e f l e c t i o n  (dC,/d6) 

Ch, r a t e  of char,ge o f  mnd2er hinge-moment c o e f f i c i e n t  

7 r J i  th y u v ~ i  ng mgu 1 a r  - ve 1 oc f t y f ac -t o r 

C l y )  
r a t e  of' change of  rudder hinge-m.om.ent c o e f f i c i e n t  

with rudder angular  d e f l e c t i o n  ( a C d b 6 )  

C? r a t e  of' ck.,acge o f  rudder hinge-monent c o e f f i c i e n t  
11G6 

. with mnd6er anp.1ar-valoci t ;y  f a c t o r  I C @  
- 

APPARATUS 

The t e n t s  were run i n  t he  Langlsy f m e - f l i g h t  t unne l ,  
a complete GescrLption o f  which I s  geven In re fe rence  4.. 
The model used Tn the  t e s t s  mas a modified l /?-scale 
model of a F a i r z h l l d  X P 2 K - I  a i r p l a n e  with i t s  c e n t e r  o f  

. ?  



g r a v f t y  l o c a t e d  23.G percent  o f  the  rriean aerodynamic 
chord. Figure 1 i s  2 thi2ee-vie-w Cj;rc7vvfng o f  the  model. 
The m a s s  and Mxensional  chayacter i s tecs '  o f  t he  model a re  
given.  fn tkle f o l l o w j  ng t a b l e :  

~A?ee~h% ,' pounds . . . . . a . . . . . . . 
@ , ,  f o o t  . . . . * . . . . 0.7 Radius of g y r a t i o n ,  

1j:ing a rea ,  sqitzire f e e t  . . . . . . . . . . . 
WLng spans f s e t  . . . . . . . . , . . . . . 
?&ng cnord, f o c t  , . . . . , . . b . -. . 0.7 5 
Distance from a f r p l s n e  c e n t e r  of  g r a v f t y  

t o  rut?dier h i n g e  l i n e ,  f e e t  . .* . . . . , 2.07 
Refght of rudder,  f o o t  , . . e . . . . . . 0.667 
Raot-mean-square chord o f  rudder,  f o o t  . . . . . 0.185 . 

3 0 J z  9 

h:!? 

The v e r t i c a l  tziil o f  the  model was a s t r a l g h t - t a p e r  
su r face  with a ru3der o f  t h e  Inse t- hinge  t n e ,  The a r e a  
of? the  rudder behind tin.: binge l i n e  was ,!IO percent o f  
t h e  v e r t i c a l  t a i l  area. Thrse d i f f e r e n t  ncse balances 
were a t tnchsd  t o  the rudd.er i n  order  t a  va ry  the amount 
or" aerodgnam;.~ GalaKce. Slrs'cches o f  t h s s e  sn r faces  a re  
gfvez i n  f f g u r e  2. Th3 n~ass  c h a r a c t e r f s t i c s  of t h e  I 

rxidd.er were var ied  by movl.ng weights d t h i n  the rudder 
o r  along a th ln  xtetal s t r i p  t h e t  nrotrtided a t  the  base 
of the  r u d d a r  tFa ' i l ing edge. The ruddere v v B r e  rmunteed r( 

on b a l l  beari.r;gs t o  reduce f r i c t ' i m  t o  a miniriium. 

The yaw stand used i n  t h e  t e s t s  was flxcc! t o  the 
tunnel  f l . o o r  and allowed. t h e  nioftel c o r - l e t e  f reedon in 
yaw b u t  r e s t r 2 i n s d  i t  from r o l l l i i g  o f  sic?ewi,se motions. 
A pkotograph of the  model i . n s t a l l ed  on the yaw stand i s  
shown as  $ f i g u r e  3 .  

. .  
. .  . , . ;.' 

. .  
TESTS 

TeFts were made t o  determine the 2er. iod and darnping 
o f  ths rud-der-fre? l a t e r a l  o s c i l l a t i o n s  o f  the  model 
durfng f r e e  g l i d i n g  f l i g h t  and wl?ec rnouiited on th3 yaw 
stand.  No t e s t s  were performed t o  determiizs  t h e  e f f e c t  
upon the rurld.er-free s t a b i l i t y  o f  eliminating only rolling 
motions. 

b 
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Scope o f  Tes ts  

The pange o f  rudder ae rodynadc  and mass cha rac te r-  
f s t i c s  covered i n  t h a  t e s t s  i s  given In t a b l e  I. The 
t e s t  range i n v e s t i g a t e d  was obtained by a l t e r i n g  the mass 
c h a r a c t e r i s t i c s  o f  the  Yudder by ad-dition .of we'ights a t  
varfoias loca t ions .  Tn t h t s  manner the rrass, c e n t e r  o f  
gravLty, and racllus o f  g y r a t i o n  of the  rudder were va r i ed  
siniultaneousiy. This procedure was fol.lowed f o r  ths rudder 
equippecl with each o f  th ree  d i f f e r e n t  alnounts o f  aerodynamic 
balance. All t e s t s  were x n  a t  a dyriamic pressure of' 
1.90 poun.3~ per square f 3 o t ,  :ihfcli corresponded t o  an a i r -  
speed o f  approximatelg 4.0 i'eet per  second. Tl?e l i f t  coef-  
f i e  :e n t  m s  aparoxin:>.te ly I) e 6 .  

F l l  t 'Tests  

FlTgiit t e s t s  weme made f o r  the  model t e s t  condft ions 1 
t o  3 and 10 t c ~  1.3 3f t a b l e  I. These t e s t s  were mad-e by 
f ly%ng  the  t e s t  nodel f r s e l y  vl7iSlii.n the tunnel  as explained 
In re ference  a b  riu~iylg 3 given f l i g k t ,  a mechanism wi th in  
the  model was s o  a c t i v a t e d  as t o  free t h e  rudder a f t e r  an 
abru7t rud6er def l e 2  ti on o f  aboGt 15". The rudder- free 
l a t e r a l  o s c i l l a t i . o n s  Pesu l t l ng  from the  mdder  d is turbance  
v7ere recorded b;r a. mot4on-pi::ture camera. The peyfod and 
dampfng c h a r a z t e r f s t t c s  of t h e  f l i g h t  o s c l i l a t i o n s  were 
ObtaTned f r o m  t h e  mot3  on-pictxme record and were c o r r e -  
l a t e d  w L t h  corresponding records f r o m  t h e  yaw-stand t e s t s  
and with ca lcu la ted  characterf  st ' ics Several runs were 
made z t  sach t e s t  condi t ion  srid sholr,red a v a r i a t i o n  of 
period o f  aboixt 2 pzrcent  axid a va r i a t io r i  o f  damping o f  
l e s s  than 10 percent .  Typlcai f l i g h t  oscSl la t l 'ons  a r e  
shown in ffgurc: b ( a )  f o r  a s tais le  cond i t l cn  and i n  
f i g u r e  4(~) f o r  an uns table  c 3 n ~ i t i o n .  

I 

T'ne ;iaw-utnnd t e p t s  wer? made f o r  ail t2st con- 
d i t5ons  I f s t&  'in +,abl.o I, F k s Z  t e s t s  were made under 
condi t fons r e p r o d - u f n g  those cons ide r& fn the  a n a l y t f c a l  
treatineat  o f  refermice 3, i n  tr&ich the  r o l l i n g  an6 the 
l a t e r a l  motion o f  the a i r p l a x e  c e n t e r  3f gravety a r e  
neglected,  FOT t h e  gsw-etans4 t e s t s ,  t he  nodel  was a t tached 
t a  t h e  s tand and the  rudefll. vas d e f l e c t e d  15". A t  t he  
given t e s t  a i r speed ,  the  rudder w a s  aSrupt ly  r e l eased  
and- the r e s u l t i n g  o s c f l l a t i o n s  were photographed by rrieans 
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o f  a motfoil-pEcture camera i n s t a l l e d  above the model.. 
Records o f  the  pried and damping o f  the  yawing o s c l l l a -  
t i a n s  were th-en obtained i n  t h e  sarr,e manner as f o r  f l i g h t  
t e s t s .  Approximately the same s c a t t e r  o f  per iod and 
dawipfng values  vms ootalned i n  t h e  ymv-stmd t e s t s  as i n  
the  f l i g h t  t e s t s ,  Plots o f  r e p r e s e n t a t i v e  yawing o s c f l l a -  
t fons  obtained frorr! t he  yaw-stand t e s t s  a re  shown i n  ffg- 
tire b ( a >  for a s t a b l e  condi t ion  and f n  f i g u r e  4 ( b )  f o r  
a n e u t r a l l y  s t a b l e  condi t ion .  

Method of AnaLyzlng Test Data 

StabiLi. t y  theory Ind ica tes  t h a t  the rudder- free 
l a t e r a l  oscf l l a t l  ons a r e  35mo3e6 of two superimposed 
o s  c l l 1  a t  ory pede R , one or" Ish h a s  a s h o r t e r  yer iod  than  
t h e  o t h e r ,  129 t e s t  csci1-,at-Lons, h m e v e r ,  a f t e r  a short  
i r , t e r v a l  o f  t!-ze reprcsented o n l y  on2 o f  these  inodes - 
the one thst saSsl"decJ* lats.ra ~ ' S C ~ ~ . I I S B  o f  t he  p e r i o d  o r  damping:. 
Tn g c ~ e r a l ,  t % e  stacf  l i t y  c a l c u l a t i m 3  sklo1yl7ed thet  the 
short-peri.od ~ 9 d e  c?aimcd t o  onc:-half a x p l i t u d e  i n  roughly 
1/53 the  p e r i o d  o f  -the ot,heP mode. The t e s t  oscPilatSons 
thepi:fcTe represeri t9d %b3 long-?erlod lrode f o r  m o s t  of 
t h e  t e s t  cmC1 f t  Ions e 

YeasuremenI; o f  S t a b i l l  ty 2erlvat- i  ves 

The F - t a b i t i t y  3 e r i v a t i v e s  necessary for the ca lcu la -  
t j o n s  a r e  given o n  t a k l e  I1 and were obtained 3y t h e  
f o l l o ~ l n g  prosedures:  The p a r t i a l  d e r i v a t j  ves of yawing- 
rnomnt c o e f f i c f e n t  w i t h  respec t  t o  angle o f  yaw and ru.dde;.. 
d e f l e c t i o n ,  Cg* and CnEY v:sre de terx ined  from f c roe  
t e s t s  o f  t h e  model on tbe six-coxponent balance of the  
Langley f r e e - f l i g h t  tunne l  dgscr ibed i n  re ference  5 ,  - The 
r e s u l t s  of these t e s t e  arc  prsserited i n  fi.guresC) t o  8. 
T5?e hinge-moment d e r i v a t i v e s  due t o  m g l e  o f  yaw m d  
rudcl~r  dsf lec tEgn,  Chq and. Ch were deternfned f r o m  
hinp-n?oin?:-k t e s t s  ?f' t 'n? Dtodel rndCer9 the d a t a  f r s m  
which a r e  presentod I - n  f fgures  9 t o  11. The rudder 
hfnge-mrncnt d3r. ivatfve rjue t o  yawfng angular  ~ ~ e l o c i t g  

'hr 

--6 

was then calcInlated by t h e  r e l a t fon3h ip  
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The yawing-mornent d e r i v a t i v e  due t o  yawing a n i u l a r  
v e l o c i t y  Cn, ( f i g .  12) was determined by the  f r e e-  
o s c i l l a t i o n  method descr ibed  i n  re ference  6, and t h e  
rudder hinge-moment d e r i v a t i v e  due t o  rudder angular 
ve 1 oc i t y  ChDS was s f m i l a r l y  determfned. The measured 

(-0,0236 Tor rudder 3, values  o f  t h e  parameter 
and -0.0142kL f o r  rudders 2 and 3 )  d i d  not  agree w%th the 
value o f  -0,142 as c s l c u l a t e d  by the method p r e s e n t e d i n  
reference except t h a t  the  frequency o f  the  o s c f l l a t i o n  
wasneglected. The cause of t h i s  discrepancy was not  
determined but  i s  belleved t o  have been the..higb 
oscfl l-atf ,on frequency a t  ;which the  t e s t s  were 
run (about 6 cycles per  second a t  an a l r speed  o f  4-0 f e e t  
p e r  second) .  This frequency corresponded approximately 
t o  t h e  cal.culated frequency of the  rudder en the  wluddcr- 
f r e e  t e s t s  o f  coniiltions 1 t o  9 i n  t a b l e  I T .  

chD6 

Yeasurernents i n d i c a t e d  t h a t  t h e  f r i c t i m a l  dampang 
o f  the rudder was about one- tenth of t h e  a i r  damplng. 
This value was consi dered. negligfbl-e and no attempt 
was made t o  Introduce f r i c t i o n  de r ivc t fves  i l l t o  t h e  
c a l c u l n t l c n s .  Four runs were made with each rudder and 
t he  s c a t t e r  of values o f  was less than 10 percent .  

ChDF 

The p a r t i a l  2eriva.tfve o f  the  rolling-moment coef - 
f i - c i en t  w i t h  respect  t o  the rolling v e l o c i t y  
pammeter C Vias d e t e r r i n e d  f r o x  the c h a r t s  o f  

and Cn were fefeyence 8, The d e r f v a t i v a s  C 
determfned from the formulas given i n  re fe rence  9. 

JP 

2, P 

CALCULATIONS 

Scope 

Calculations were made of the damping ar,d. per iod 
o f  the  ru-dder-free l a t e r a l  o s c f l l a t i o n n  o f  t h e  model for 
the range o f  a i r p l a n e  and rudder  parameters given i n  
t a b l e  1. These z a l c u l z t i o n s  were made by equat ions tha t  
provfdcd four  degrees of freedon? as wel l  as  the fewer 
degrees  or" freedom vvhtch r e s u l t e d  f r o m  the neglect o f  
r o l l i n g  o r  the  neg lec t  of r o l l f n g  and l a t e r a l  motions. 
Other calcul t i t fons were made t o  determine the  e f f e c t  of 
varyfng thrj e f f  ec t fve- d ihedra l  ;?ararneter C upon t h e  
rudder- free 3 t a b i l l  t y  c h a r a c t e r l s  t i c s  IP 
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Method 
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The customary methods of stability c a l c u l a t i o n  
( o u t l i n e d  in reference 3 )  were employed i n  t he  present  
i n v e s t i g a t i o n .  The equations or" n io t fon  were s e t  up,  
rendered nonGimensional, and. s o  t r e a t e d  as  t o  obt8.i-n t he  
s t a b i l f t y  equat'ions defl-ning the period and damping of  
the  l a t e r a l - s t a b i l i t y  modes. 

Equatfons of n?otion, - The nondirnensional equat ions  --. P 

o f  matfon used ?' ,x i  t h e  ca13.u1.atfon.s are  given i n  t he  
f o l l o w f r g  paragraphs 

The equat'ions used f o r  the rudder- fixed condft ton 
aye 

Equatfons ( 2 )  y i e l d  the f a m i l f a r  l a t e r a l - s t a b i l i t y  
equatfons o f  the  form 

The general  equa t ions  o f  m o t i o n  f o r  t h e  rudder-  
f r e e  sondi t fon  ( f o u r  degrees o f  f r e o d o m )  a.re 

Y 

Y 



a 

c 

e fYN = 0 



E q u a t i Q n s  ( 6 )  g t e l d  s t a b i l i t y  equatfons o f  the form 

When the  rolling motion and the l a t e r a l  motion o f  
the  cen t e r  of , g a v f  tg a re  neglected ( t w o  degrees of  freedom) , 
the  equations a r e  

4.f + (-Cn$ = 0 1 
I 

I-- 

7 L q u s t f o n s  ( I )  y i e l d  s t a b i l i t y  equatloris o f  tke  f o r m  

Tf, Tu! addet ion t o  m g l e c t  of  rolling and l . .ateral 
r ro t ion  of  the  c e n t e r  of  g r a v i t y ,  tn$  rl;Ldder moment o f  
I n e r t i a  fs a l s o  neg lec ted ,  the  equat-yons are 
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Equations (10) y i e l d  s t a b f l i  t g  equat ions o f  the form 

i 

Determfnat ion o f  p r f o d  end- dsrnpkng o f  Isteral 
osci l la%:o9s,  - The rooc;s of equat ions ( 3 ” j F F J 9  ( r ( )  
~ ~ - a ~ - ~ ~ ~ )  ar9 o f  t he  f o r m  h = a* or’ h =  8.O + i b f ,  
The r o o t s  a re  used i n  the  f o l l o w i n g  equatfons t o  d e t e r -  
mfne the  per!od and t h e  t f x e  t o  d m p  t o  one-holf 
amplf t urle: 

--- --- -.------- ---------__.--I_. 

and 

(12) 

The r e s u l t s  o f  the  t e s t n  si?? c a l z u l f l t i o n s  are presented 
i n  t a b l e  I T ,  which 1 f s . t ~  the p e r f x ?  2nd the  rosiprocal o f  
tkia time t o  damp t o  one-half arrplitude for 3ach ::on23.tiori 
i nves t fga ted .  The reciDroca1 o f  the tPme t o  d i m p  t o  one- 
haif am2li tude was chsseii t o  eva lue te  the daxp: rig9 L)CjCause 
th;.s vslue fs o d f m c t  ra-tker than an i r ivc r se  nte;?sure of 
tke degree o f  s t a b i i f  t y .  he3a t i .ve  x7al~1e3 o f  tla r e c i p r o c a l  
o f ’ t b e  time to damp t o  one-ha1.f anplftudie r e f e r  t o  the  
tfme t o  fEcreaFe t o  d.oubl-e zhpl f tudc .  

C o m e l n t f o a  of Tes t s  and General Zquations 

C n l c u l a t ;  oris -- The st abP 1% t y  c alcztlat i  ons made wf t h  
the genera l  eqlzhticms of‘ clotion Fnd-f cated- that t he  motiions 
o f  an a i r p l a a e  ~ 6 t h  rudder  f r o 6  c c c s f s t  o f  two apsr2odic 
rrqdes (convergsnczs ‘ o r  divcrgonces 1 2nd tm o s c i l l a t o r y  
modes, one 3f ~ ~ h i c h  fs of  a ydi-iodl 2 t o  1.0 tfmes the other .  
A s  shcwn by the  res i l l ta  gresented in t a b l e  I I , t h e s e  
CakU~at fOnS fi?c”iCatC,d tha t ,  as X G ? ? ~  as  the rudder rad-ius 

-.----- 
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o f  gy ra t i on  and mass unbalance were small  (condi t ions  1 
t o  9 ) j  the  shor t- per iod mode was very heav i ly  damped and, 
corisequently, t h e  c h a r a c t e r i s t i c s  o f  t h e  more l i g h t l y  
damped long-period mode determfned the  na tu re  o f  the  
rudder- free osci- l l~at8ons.  Table TI i n d f c a t e s  a l s o  t h a t  
the  c b a r a c t e r i e t l c s  of t he  long-perlod mode were only 
s l i g h t l y  a f fec t9d  by t h e  rudder paralneters as long as  t he  
rudder mass parameters were low (condi t ions  1 t o  9). 

When the rad ius  o f  gyrat3on and the  mass unbalance 
o f  the  rudder w5re l a rge  (conditLons 10 t o  l3), the  
ca l cu l a t ed  p e r i o d  o f  the  s hor t -per iod mode increased  
consfderaoly and the danping &creasedo A t  h igh negat ive 
f l o a t i n g  r a t i o s  (condlltions 12 and. 13) the  ca l cu l a t i ons  
i nd i ca t ed  t h a t  the  d e s t s b i l f z i n g  e f f n c t  o f  hfgh rudder 
rztdlus of gj’ra.tion and rs.ss unbalance Tias suff- ic ient  t o  
C ~ U S S  l a t e r a l .  in:: tab1 13. t y  . 

?l?lit t e s t s . -  Thc r e s u l t s  of‘ t he  f l i g h t  t e s t s  a r e  --...-- 
presented f n  t ab l e  T I .  These da t a  indl-cate t h a t 9  for low 
values o f  the rudder mass pra rne t e r s  ( cond i t i ons  1 
t o  9 ) 9  the  less r3,anpedl am3 hence the apparent mode had a 
period o f  about 1.5 seconds, ~7hBc.h corresponded t o  that  
ca l cu l a t ed  f o r  the  long-oeriod rncde, For high values  of 
f - h ~  rudder rnms parameters ( cond i t i ons  10 t o  l3I9 e f t h e r  
the long- o r  t ~ e  shQr t -per iod  mode wcls the  l e s s  damped 
o f  t he  two rnodss and hence determined the c h a r a c t e r i s t i c s  
o f  the ap2arent  tion on, dependfnp upon t h e  magnitude o f  
the rud.deL* aerodynamfc parameters 
condi t ion  o f  hi.gh rudder  aerodynamic parameters (con&i- 
t i o n s  10 and 11) the long-period- mode was the l ess  damped, 
Condition 12,  however ,  showed the shor t- per iod  mode t o  
be the  less damped a t  somovhat lower values  o f  the  rudder 
mass  parameters than those o f  condi t ion  11, and condi t ion  
13 gave an unstable  short-perio3- o s c i l l a t l o n  fos even lower 
values o f  rudder mass parameters,  

For  the  h6 Chp and C 

Comparisqn of  t h e o r e t i c a l  and ca l cu l a t ed  r e s u l t s .  - 
The t e s t s  confirmed. the r e s u l t s  p red ic ted  by the theory 
inasmuch as an unstable  l a t e r a l  o s c i l l a t i o n  was obtafced 
f o r  t e s t  condt t ion  13. The q u a n t i t a t i v e  c o r r e l a t i o n  o f  
measured values o f  p e r i o d  and d a r ~ p i ~ g  w i t h  correspond-ing 
valnes ca l cu l a t ed  by the use o f  t he  g e n e r a l  equations i s  
shown i n  f i gu re  13.  These d a t a  show t h a t  the agreement 
between measured and calcu1ate;d values o f  period was 
e x c e l l e n t  f o r  all condi t ions  t e s t e d .  This agreement was 
a l s o  shown i n  the  c o r r e l a t i o n  between measured and calcu-  
l a t e d  values o f  damp8ng except for condi t ions  12 and 13 .  

__.------._I-- 

5” 
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The add i t i ona l  c a l c u l a t i o n s  i n d i c a t e d  t h a t  the  
c h a r a c t e r i s t i c s  of t he  long-period mode of rudder- free 
o s c i l l a t i o n s  varl ed w l t h  the  e f f ec t i ve- d ihed ra l  

i n  a manner s i m i l a r  t o .  t h e  v a r i a t i o n  o f  p arane t e r 
the rudder- fixed o s c f l l a t i o n s  w f t h  t h i s  parameter. The 
results o f  these c a l c u l a t i o n s  a r e  presented  i n  f i g u r e s  
15 and 16 and fncl icate t h a t  t h e  c h a r a c t e r i s t i c s  of the  
long-period mode for the rudder- free con.di t i s n  were of 
the  same order  as thQse of t h e  rudder- fixed o s c i l l a t i o n  
but  were o f  lower damping and h?gher per iod ,  Inasmuch 
as freei.ng rudclers of nega t ive  f l o a t l n g  tendencies i s  
known t o  decrease the d i r e c t f o n a l - s t a b f l i t y  parameter Cn 
und a decrease i n  t h i s  f a c t o r  is known t o  decrease the 
dampBng and- t o  inc rease  the  per iod o f  the l a t e r a l  
o s c f l l a t i o n  ( r e f e r ences  10 and 11) the long-period mode 
of the rudder- free o s c i l l a t i o n s  eppears t o  be a modiffca- 
t i o n  o f  the  f a m i l i a r  Dutch r o l l  o s c i l l a t i o n  normally 
encountered i n  con t ro l s- f ixed  f l i g h t .  The c h a r a c t e r f s t i c s  
o f  t h e  long-perlod Tuddier-free rn.0d.e may then be concluded 
t o  be l a r g e l y  dependent upon t i e  same parameters as t he  
Yzxddsr-ffxed o s c l  l l a t o r y  mode, For a i rp l anes  having jrudders 
of' ncgat fve  f l o a t i n g  tendency, then,  f i n s t ab f l l t y  o f  t h e  
long-perfod rudder- free mode should. occur a t  smal ler  
values of e f f e c t i v e  d ihed ra l  than f o r  the corresponding 
rudder- fixed cond-3 t i on .  

CTp 

P 

Corre la t ion  o f  Tes ts  and Sirnplifiecl Equations 

Veglect of rudder parameters.  ---.- - Icasmuch as m o s t  
present-day a i rp l anes  have low values of rudder mass 
parameters t h e  Long-perfod- node is the  predominmt 
f a c t o r  a f f ec t fng  the  rudder- free stability character-  
i . s t f c s  f o r  a i r p l a n e s  havfng rudders o f  negat ive  f l o a t i n g  
tendency. Considerat ion of the  rudder mass parameters 
would t he re fo re  no t  seem necessary f o r  these a i rp l anes .  
An approximate s o l u t i o n  f o r  t h e  rudder- free s t a b i l i t y  has 
been obtained by simply consider ing the  controlsaftxed.  
dynarn.1~ l a t e r a l - s t a b f l i t 7  equations ( 2 )  i n  which the 

f o r  the rudder- free condi t ion  i s  used. value of C 

-_I 

*p 
Calcul-ations wcre made f o r  t he  t e s t  condi t ions  by 

t h i s  approximate rnethodl, and the per iod arid damping 
results a re  presented  i n  t a b l e  I T  and, f o r  condl t ion  7 9  

f o r  as po in t s  on f i g u r e s  15 and 16, The value of 
CnP 
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t he  rudder- free condi t i o n  v1ms c a l c u l a t e d  bx t h e  fo l lowing 
r e l a t i o n  frow! reference I: 

- - r i  

The values  o f  per iod and d-ampi21g obtained with t h i s  
method are i n  good agreement with the values c a l c u l a t e d  
by the genera l  equat ions f o r  t e s t  condi t ions 1 t o  9., 
For  condftioms 10 and 11 the c o r r e l a t i o n  i s  r a t h e r  p c o r o  
as was expected, because of' the kAgh values o f  rudder 
Ea43 p a r m e t e r s  a t  these two condit?ons.  Became the 
approximate rr.e thod cannot p r s d i c t  a shor t- per iod  o s c f l -  
l a t f o n ,  th i s  method f a i l e d  c9mplet9ly t o  p r e d i c t  the 
iin?ortazt f e a t u r e s  of  t h e  rudder- free roti-ons f o r  con- 
d ' i tfons 12 and 13, f o r  which the short-2er iod o s c i l l a t i o n  
was abolnt n e u t r a l l y  damped-. 'i'hese ch lcu la t ions  i n d i c a t e  
t h z t  al though the p red i  c t i o n s  y ie lded  bg the approximate 
rrsthod! a r e  gocd a t  l o x  v d . ~ e 3  of t he  r3dger mass parameters,  
a xore c m p l e t e  ana lys l s  is necessary  a t  h igh  values o f  
the  rxidder mass parameters,  

by n e E l x t i n g  rolling p o t i o n  was 4nvest igated for the 
present  r e p o r t  by coxxparing the r e s u l t s  obtained by the  
g m e r a l  equat tons ~ 6 t h  those  obtafsned by ecyatfons 
neglect-hg roll.in.2 ( equa t ion  6) The v o i r e s  of p e r i o d  
arc! Samplng f o r  t h e  t e s t  sond-itions 8 s  c a l c u l a t e d  by 
eqwt fcm (6) a r e  >resented  i n  t a b l e  11. Ti? f i g u r e  17 the  
c h a r a c t e r i s t i c s  o f  the shor t-per iod  mode ebta lned  by th i s  
method a r e  conipared x i t h  those c a l c u l a t e 6  by the genera l  
equatfons,  The c o r r e l a t i o n  o f  the c b a r a c t e r i s t f c s  o f  b o t h  
the  long- and shor t- per iod  modes ca1culat;cd by the modifted 
eq;natio:ls wt5h t h x e  obtained from fli5,ht t e s t s  o r  from 
caicxl%t:ons by t3e genera l  equatfons 1s f a i r  exce?t f o r  
crJnc'Ttkons 10 and 11. This f a c t  might i n d i z a t e  t h a t  th 
s k n p l i f i s d -  theory g ives  ~ o o r  c o r r e l a t i o n  for the c2se o f  
near -nau t ra l  s t a b i l l t y  of  tha  shQrt-peri.od mode when the 
,?er iod of t h e  long- and short- period modes is Eear lg  

Veglect of r o l l i n g  motion. - T'ne s f m ? l i f f c a t i o n  obtained 

equa l  

Equat43n~ (6) s.how t h a t  neglect of r o l l i n g  e l imfnates  
a l l  o f  t he  d e r i v a t i v e s  involvlng r o l l i n g  moment as wel l  
8 s  t hese  Pnvolving r o l l i n g  motions. The e f f e c t  of . C  

% 



on th9 l a t z r e l  s t a b l . l i t y  cannot,  t h e r e f o r e ,  be p red ic ted  
by th i s  s tmpl i f ied .  method, The e f f e c t  o f  d fhedra l  on 
the long-?eriod rnoc3.e fs t o  reduce b o t h  the per iod  and 
the  damping, as i s  shown $3 f i  u r e s  15 and 2.6. For 
d-ihedral. arlgles less t h m  5’ flp < 0.06) ,” h o w v e r ,  

n e g l e c t  of r o l l i n g  i n  the equat ions gives conservat tve 
r e s u l t s ,  because thsae equa’cf ons I n d i c a t e  l e s s  darnptng 
th.an the genera l  equat ions f o r  ~ O V J  values o f  rudder mass 
parameters (condftioiTs 1. to 9)* Th’is r e s u l t  i s  obtained 
mefnf_y Because inrl th  low clihedr-a1 the r o l l i n g  component 
of t h e  motion 1s s ~ a l l .  

The . e f f e c t  o n  the s t a b t l i t y  o f  neg lec t  o f  r o l l i n g  
w i t h  rudder  f lxed  has also been Pnvestligated. The 
r e s u l t s  of theso c a l c u l a t i o n s  are ?.Even i n  t a b l e  I1 
under co i ?d i t i on  lk a;nd show reasonably good agreement with 
th3 r e s u l t s  obt35lzecl by t& general theory  f o r  the rudder- 
ftxed i?ond-iti(nn. ?’?-As ag-eerneat i s  further:  proof t ha t ,  f o r  
low values of d’hedrzi ,  m1Ll.ing nsly be zeg lec ted  i n  
mak’ing these ca lcGlnt lcns .  On t h e  o the r  hand, f o r  alr- 
pl-aiiez havTng ’nl@ d ihedra l  and la rge  valuzs of r e l a t i v e  

. densj-tg a ~ d  r:adE’i o f  p;yrat-f o n ,  tk&e long-pa r j  od. oscflla- 
t f o n  rnfgh5 becgnie m s % a 9 l e ,  2 s  shcvn in re ferences  10 
and 12.. The n e g l e c t  of rol1,fng for t hese  condi t ions  
would i n v a l i d a t e  the z>esu l t s  for t h e  cond i t ion  w i t h  t h e  
rudder E i t h e r  f r e e  OT f ixed .  

Neglect; o f  ~ o l l f n g  mil l a t e r e l  mo t ion . -  I n  the 
t ;heoretl .cal  ana lys i s  of ru6cler-L”ree s t h b l l i  t y  published 
j’n re ference  3 ,  t he  equatjions were f u r t h e r  sfrnpl i f led 
by neglez t fng  l a t e r a l  r ro t ion  o f  t h e  a l rp lane  c e n t e r  o f  
gravfky as we l l  a s  the r o l l i n g  n o t t o n s .  These s lmplr f fed  
eq’uations also predtc  t e d  a long-period and E sbort-per iod 
o s c .f 1‘1 8. ti on ; 

Tests  of t h e  notiel -in the  mdder- f ree  condi t fon 
vier3 mado on t h e  yaw stand i n  o r C e r  t o  reDroduce the  
t h e o r e t t c a l  assumptlons nade 113 re ference  3 (freedom i n  
yaw about t h e  airplane Z-axis and freedom o f  the  rudder 
about i t s  hinge l i n a ) .  The r e s c l t s  o f  those t2s t s  a re  
presented f n  t a b l e  T I  and j -ndicate t i h t , f o r  low values 
of the  rudd-er inass pcirameters (cond7tlons l t o  “1, the  
long-perrod mode was t h e  l e s s  damped and hence determined 
the c h a r a c t o r i s t i  c s  of’ t h e  apparent motion. Fox* higher  
values o f  the  rudder  mass parwneters ( cond i t ions  10 t o  l3), 
e i t h e r  the  long- o r  shor t- per fod  mode was the  l e s s  dmped, 
depending upon t h e  rflagni tuCe o f  t h e  rudder airodynamfc 

--.--~-----II_I~^-~------ 
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p a r m e t e r s .  
mode was the  l e s s  damped:whereas, f o r  condi t ions  12 and13, 
neutral .  damping of the . shor t- per iod mode' was obtained a t  
lower values of t h e  rudder  mass parameters,  

For condi t ions  LO and. 11, the long-period 

Tt may be o f  i n t e r e s t  t o  no te  t h a t  i n  unpublishxi  
2a t a  from yaw-starid tests,made a t  h igher  values o f  mass 
unbalance of  t h e  iurlder than those  presented he re in ,  an 
unstable  shor t- per iod o s c i l l a t i o n  was obtained', This 
uns tab le  o s c i l l a t l o n  could be s t a r t e d  m-ith 8 very small 
dis tu rba 'me  znd would jmcrease i n  ampIftuds u n t i l  St 
beeme a constant-amplitude o s 3 i l l a t i o n  o f  about e15O 
y a w .  

The r e s u l t s  o f  c a l cu l a t i ons  made by u t i l i z f c g  the 
eyuat-ions o f  roference  3 a re  l i s t e d  i n  ta3l.e I1 and hs-ve 
been compared. i n  f igure  18 t o  measured values obtained 
frrom the gsw-stnnd tests. The d a t a  presented L M  f i gu re  18 
show t h a t  the equ8.tl.ons o f  reference  3 c lose ly  1)redicted 
the  rudder- free d c t a  obta ined in t h a  gnw-stand t e s t s  f o r  
s t a b l e  covldftionc. Lfke the g e n e r a l  theory,  however, the  
s impl f f i ed  equations grr8dicted i n s t ab j .E .Q  o f  J i k ~  shor-t- 
perlodr o sc? . l l a t i on  a t  lower valuc5s o f  rudder> mass parsmeters 
than d i d  the  yaw-stand t e s t a .  

A comparison oC t h e  yew-stand- and f r e e - f l i g h t  t e s t  
r e s u l t s  shows t h a t  the elimlna*tion o f  t5.e rolling and 
l a t e r a l  motfons r e s u l t s  i n  somewhat longer  period arid 
1 9 s ~  damping than lis obta5-ned ln flight, w long as the 
long-perfod osc.illat4.on 1s the con t ro l l i ng  f a s t o r  i n  the 
zipparent motion i n  f l fghb .  %%an the c h a r & c t e r j s t , l s s  o f  
ths shor t- per iod o s c i l l a t i o n s  a re  apparent i n  f l i g h t ,  
t e s t s  on t h e  yaw s tand gLve n9ar ly  iden t ica l .  r a s u l t s  
with those froin f l i g h t  t e s t s .  These d a t a  Ind i ca t e  t h a t  
f o r  m a l l  e f f e c t l v e  d - ihed ra l  angles neglect  o f  t he  
r o l l i n g  and l a t e r a l  motion y i e l d s  conservat ive value3 
f o r  t h e  long-period, rudder- free osci_llatl .on and accura te  
values f o ~  t he  short-pertod o n c ! l l a t i  on. This f a c t  
c o n f f r r s  the  cx ic lus ion ,  drama f r o m  the analytLcal  
inaes t , iga t fon  coriceianfng the e f f e c t  of' 3 the rka l ,  t h a t  
the  cha rac t e r f ' s t l c  2 of the, zhort-Teriod rn0d.e a re  
r e l s t f v e l g  in4ependent ~f dfhed ra l ,  which is a basic 
ro l l i r ig  de r i  vg t '  , . ~ v e .  

.!/?he da ta  o f  t a b l e  11: i n d i c a t e  t h a t  the s fmplf f ied  
theoily o f  re fe rence  3,  which neg lec t s  r o l l i n g  and l a t e r a l  
mot-lor! p m d i s t e d  tne c h a r a c t e r i s t i c s  o f  the shor t- per iod 
mode :us% as wel l  as d fd  the  general- theor2 and t h a t  w e  
o f  the sfmpl'ifled theory vms t he re fo re  j u s t f f i e d  f n  t h i s  
r e s o e c t ,  
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Neplept o f  r c l l  -.J.--- 
moment o f  f n e r t f a .  - ~ ~- 
--I- 

referertce 3 i s  t ha t  

. ing,  l a t e r a  
A f 'ur ther  a 
the moment 

-.---1_ 

1 motion, a-nd rudder Neplept o f  rc l l . ing ,  l a t e r a l  mction , a-nd rudder 
moment o f  f n e r t l a .  - A f 'ur ther  assuxpt ion suggested i n  
referertce 3 i s  t ha t  the moment of' i n e r t i a  o f  t h e   udder^ 
-.J.- --_.-1__1_~ 

-II- 
ssuxpt i  on 
of' i n e r t i a  

suggested i n  
L o f  t h e   udder^ 

Tn add i t ion  t o  r o l l i n g  and l a t e r a l  motion, mig!it be 
d is regzrdad  I n  t h e  c a l c u l a t i o n  o f  rudder- free s t a b i l i t y ,  
The r e s u l t s  o f  c a l c u l a t i o n s  Eade wl th t h e  *rudder rrornerlt 
of i n e r t i a  neglec ted  are  ? resented  i n  t s b l e  11 and 
i n d i c a t e  t h a t ,  for zirp ' lanes wfth s , ~ a l l  amounts of 
e f f e c t i v e  d i h e d r a l ,  a p p l i c a t i o n  of t3e  theory g ives  a 
reasonably accura te  n redrc t ion  o f  the  rudder- free s t a b i l i t y  
c h a r a c t e r f s t t c s  as lorig as the long-period o s c i l l a t i o n  
9 s  the c o n t r o l l i n g  f a c t o r  I n  t h e  apparent  motion. For  
condi t ions  i n  which the  shor t- per iod  o s c i l l a t i o n  i s  the 
l e s s  d -aqed  mode, however, the  aesunp t lon  must be coi>- 
s lde red  wholly i n v a l i d  f o r  rudders o f  negqt ive f l o a t i v g  
tendencies ,  because kk3 c a l c u l a t i o n s  Bcdicnte that  , when 
tAa rudd-er rriomznt or" i n e r t i a .  i s  neglec ted ,  the sk ior t -  
per iod node i s  peplaced by a heavi ly  Ilarrpet! convergence. 

The i'ollDvi5ng conclus lons  were drawn f r o q  an 
i n v ? s t i g s t i o n  i n  the Ije.ngley free-flight t u n n s l  G f  1 the  
rudder- free  s t a b f l i  t y  character3 s t i  s s  o f  an a i r p l a n e  
mode 3- eqilipped wi. t h  rudd  e r s  of' negat ive  f l o a t  igng 
teadancies  s9d having r ,eg l fg ib ls  f r i c t i o n :  

1. ?'OF wl3st present-day air.planee, sonsideratTon o f  
the  ri>-dd-er pass  p a r m e t e r s  i s  not necess3rg i n  a2 a n a l y s i s  
o f  the radd-er-free s t a b i l i t y  s h s r a c t e r i s t i c s .  These 
c h s r x t a r f  s t f c s  pay be exandned s i r p l y  b y  consider ing 
the  dynamic l a t e r a l  s t s b f l i t y  a:d by us ing  the vclue o f  
t he  ~ . i r e c t r o n a l - s t a b i l r t N  parameter C, f o r  the  r-ddc'er- 

f r e e  con%?- t4 or! f r ,  t h e  c m v e n t l n n a l  controls-flxed l a k e r a l -  
F 

s t a b i l i t y  e y u a t i  oms. 

2. i 'inhlysls o f  3s Yad-der-free s t s b i l i t g  of  a i r p l a n e s  
h a v i n g  r e l a t t v e l y  hS.@? vslu-es  of t h e  rudder mass payarne- 
t e r s  tvf.Lh r e s p s z t  t o  tlze rudder aerodynamic parameters 
(such as would be encountered 4.1; very l a r g e  a i r p l a n e s )  
should be nzac?e rlifth the  complete eqtnations of  motion 
f o r  t h e  riZder-f 'rea concliti on. 

Y 

3 .  The r u d d e ~ - f r ~ e e  s t a b i l i t y  c h a r a c t e r i s t P c s  o f  the  
w;odel t e s t e d  were s g t i s f a c t o r i l y  ca lcu la ted  when a l l  f o u r  
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degrees o f  l a t e r a l  freedom were consfdered I n  the calcu- 
l z t  i oils 0 

4. The rudder- free  c h s r z c t c i - i s t i c s  o f  t h e  m,de l  
t e s t e d  were p red lc t ed  f a i r l y  wel l  w h m  r o l l i n g  z o t f o n s  
o r  r o i l f n g  and l a t e r a l  D o t i o n s  were neglec ted  i n  the 
calculations. I n s t a b i l i t y  o f  fhe rudder-free D u t c h  roll 
t ype  o s c i l l a t i o n ,  however-, c o u l d  no t  be p r sd i c t cd  by 
thi s me t h o d  

5. Large z r n o i x t s  of rudder m n s s  ixnbalmce caused 
m uns tab le  short- per iod rudder- fwe o s c i l l a t - i  on f o r  the 
model t e s t e d .  

6. The characteristics o f  t h e  F h o r t - o e r i o d  oscil- 
l a t i o n  a r e  frjund t o  be fndspendent of t h e  alirpl-ane 
e f f e c t i v e  di hedra l  and were s a t l s f a c t o r f l y  Fred.fcted for 
the  mods1  tested. by e i t h e r  t h e  genera l  s t a b i l i t y  ecpatfons  
i n  which a l l  f o u r  degrees o f  l a t e r a l  free6oiv. are consfdered 
or by the  modified s t ab?  l i . t g  eqw-ations i r :  wMch e j - ther  
the  e f f e c t s  o f  r o i l - f n g  Tot ions  alone o r  o f  ~ o l l i n g  mot tons  
and l a t e r a l  motions o f  t h e  a7.rplm.e c e n t e r  of g r a v f t y  a r e  
neg 1 e c t e d 

i n  t h e  c a l c u l a t i o n s  t h e  characteris t ' ics  cf the s h o r t -  
per iod rucider-f r e e  o s c  PI-la tlions f o r  rudders hav l  ng 
nagzt ive  f l o a t i  ng tezdencfes  c.ould n o t  be pred . ic tad .  

7 .  When the  rudder moment o f  f n e r t t a  was nsg lec ted  

Langley Memorial Aeronautical  La-boratory  
Nati o m 1  Ad-v.1 s o r y  Cormit tee for Aeronautics 

Langley F i e l d ,  Va. 
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Calculations 

Rolling, 

?$% neglected sideslip moment of 
negleotea iner t ia  neglectedb 

neglected 

Rudder Rolllng sideslip, 
md urd Rolling 

27 

Per iod,  P 1.72 
b.mplng, 1/T 1.17 
Period. P 1.61 
Damping, 1/T 1.09 
Period, P 1.48 
Damping. 1/T 1.06 
Perlod, P ---- 
Damping, 1/T ---- 
Period, P ---- 

5 Damping.  I/T ---- 
Period, P ---- 

6 Damping, I/T ---- 
7 Damping, 1/T ---- Period, P ---- 
a Per iod,  P ---- 

Damping, 1/T ---- 

Period. P .Is30 
lo Damping. 1/T -90 

R 

1.66 1.67 1.60 
92 .93 1-39 

:9z 1-39 
1.66 1.40 1.70 1.60 1.61 1.60 
1.00 1.10 1.32 .98 1.00 1.39 
1.69 1.60 1.70 1.68 1.68 1.60 - 90 1.38 1.26 .93 - 93 1.39 

1.6 1.66 1.60 
-92 * 96 1.39 * 90 1-39 1.30 

1.60 1.62 1.62 1.60 
1.26 -99 .99 1.39 

1.8 1.82 1.7L 
.8l . a8 1-39 

1.80 
1.20 

1.78 1.77 1.74 
92 .99 1.39 

1.72 1.71 
I:?? .97 1.39 
1-49 1.50 1.60 
1.03 1.14 1-39 

1.80 1.69 - 90 1.U 
1.78 1.60 1.60 

* 90 1.10 1.27 
1 6  1.60 1 6  : 8s 

1.65 1.56 1.60 

1.62 
1.00 
1.86 1-74 
90 1.33 

1.79 1.63 
* 90 1.35 
1.72 1-53 
1.00 1.30 
1.60 1.20 
1.05 -92 

1.60 
1.30 - 

~ conait ion' 

::g Per ioe ,  P 1.15 

Period. P ---- ---- 
Period, P ---- ---- 
Period. P ---- 1.56 

11 Damping, I/T .a7 

12 Damping, I/T ---- ---- 
' 5  Demping. 1/T ---- 

' TABLE 11.- COMPARISON OF PERIOD AND DAMPING FROK FLTOHT 

AND YAW-STAND TESTS AND CALCULATIONS 

1.41 1.60 
1.30 1.39 

1.08 1.16 1.60 

1.05 1.20 
.9Q 1.53 

0.96 
5-30 
0.97 0.98 
5.22 . 5.19 

3.85 1-74 1.39 - 
1-74 ::% 1.39 ---- --- 3: 8 

1.66 1.50 

pproxlmate method, a l l  rudder parameters neglactad except those affecting Cn . P 
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